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Neurotrophins, via activation of Trk receptor tyrosine kinases, serve as mitogens, survival factors and regulators of arborization during retinal
development. Brain-derived neurotrophic factor (BDNF) and TrkB regulate neuronal arborization and survival in late retinal development.
However, TrkB is expressed during early retinal development where its functions are unclear. To assess TrkB/BDNF actions in the early chick
retina, replication-incompetent retroviruses were utilized to over-express a dominant negative truncated form of TrkB (trunc TrkB), or BDNF and
effects were assessed at E15. Clones expressing trunc TrkB were smaller than controls, and proliferation and apoptosis assays suggest that
decreased clone size correlated with increased cell death when BDNF/TrkB signaling was impaired. Analysis of clonal composition revealed that
trunc TrkB over-expression decreased photoreceptor numbers (41%) and increased cell numbers in the middle third of the inner nuclear layer
(INL) (23%). Conversely, BDNF over-expression increased photoreceptor numbers (25%) and decreased INL numbers (17%). Photoreceptors
over-expressing trunc TrkB demonstrated no increase in apoptosis nor abnormalities in lamination suggesting that TrkB activation is not required
for photoreceptor cell survival or migration. These studies suggest that TrkB signaling regulates commitment to and/or differentiation of
photoreceptor cells from retinal progenitor cells, identifying a novel role for TrkB/BDNF in regulating cell fate decisions.
© 2006 Elsevier Inc. All rights reserved.Keywords: TrkB; BDNF; Retinal development; Progenitor cells; Photoreceptors; Cell fate decisions; ChickIntroduction
The retina is a highly organized multilaminate tissue made
up of one glial and six neural cell types, which are derived from
multipotent retinal stem cells. The regulation of retinal cell
differentiation is temporally fixed (Prada et al., 1991; Cepko et
al., 1996), driven by factors in the local microenvironment, as
well as intrinsic programs of progenitor cells regulated by
transcription factors (Cepko et al., 1996; Adler, 2000, Akagi et
al., 2004; Chow et al., 2004; Li et al., 2004; Yang, 2004; de
Melo et al., 2005). Because the correct proportion of
differentiated retinal cell types is required in the adult retina,
it is important to define factors that control cell fate decisions of⁎ Corresponding author. Fax: +1 212 746 8866.
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doi:10.1016/j.ydbio.2006.08.025retinal progenitor cells. For example, one subclass of progenitor
cells can give rise to either rod photoreceptors or bipolar cells.
The production of rod photoreceptors is favored in cells
expressing the transcription factor NR2E3 (Haider et al., 2001),
or exposed to FGF (McFarlane et al., 1998) and hedgehog
family members (Levine et al., 1997; Stenkamp et al., 2000).
Conversely, bipolar cell fate is favored with activation of
LIFRβ/gp130 by ciliary neurotrophic factor (Ezzeddine et al.,
1997; Belliveau et al., 2000) and off-center cone bipolar cell
differentiation requires expression of the transcription factor
Vsx1 (Chow et al., 2004). Uncharacterized factors, secreted by
cultured retinal cells can both promote and limit rod
photoreceptor differentiation (Watanabe and Raff, 1990;
Altshuler and Lillien, 1992), whereas amacrine cells secrete
unidentified factors that inhibit further amacrine cell production
and shift cell fate to cone photoreceptors (Belliveau and Cepko,
1999). Thus, further study is required to identify specific growth
factors regulating retinal progenitor cell fate decisions.
Table 1
Primer sequences utilized for RT-PCR analysis
Primer Name Primer sequence cDNA
size (bp)
TrkB
(Extracellular)
5′-AATACCATGGCTGCCTTCAG-3′
(forward)
239
5′-GGAAACATCCGGAGAAGTGA-3′
(reverse)
TrkB (Kinase) 5′-GAGACCTTGCTACCCGAAT-3′
(forward)
499
5′-CGGCAGTTGAACACATTCAT-3′
(reverse)
TrkB
(Truncated)
5′-TGGGATGAAAGTTCATGGTG-3′
(forward)
188
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regulates the development of TrkB expressing neurons in the
central and peripheral nervous systems (reviewed by Huang and
Reichardt, 2003). Binding of BDNF or neurotrophin-4 (NT-4)
induces TrkB kinase activation, leading to the recruitment and
phosphorylation of cell signaling molecules that can regulate
neuronal differentiation and survival. An alternatively spliced
isoform of TrkB lacking the kinase domain (trunc TrkB) inhibits
TrkB signaling when both isoforms are expressed, by inhibiting
kinase activation (Eide et al., 1996) and sequestering ligand
(Armanini et al., 1995; Biffo et al., 1995).
BDNF, NT-4, full-length and trunc TrkB are expressed
during development of the retina (Herzog et al., 1994; Garner
et al., 1996; Das et al., 1997; Janiga et al., 2000; Nakazawa
et al., 2002; Vecino et al., 2002; Marotte et al., 2004). The
actions of NT-4, an alternate TrkB ligand, are not well
characterized, but may include ganglion cell survival (Cohen
et al., 1994; Cui and Harvey, 1994; Spalding et al., 2003;
Harada et al., 2005). Both full-length TrkB and trunc TrkB
are expressed in early chick retina (E5 onwards) (Garner et
al., 1996) by ganglion cells and in the neuroblastic zone (Das
et al., 1997) where proliferating progenitor cells reside.
BDNF promotes ganglion cell survival in vitro (Johnson et
al., 1986; Rodriguez-Tebar et al., 1989; Meyer-Franke et al.,
1995) and reduces cell death in the neuroblastic zone and
increases ganglion cell number in vivo (Frade et al., 1999). In
later development, BDNF promotes differentiated phenotypes
with growth of synaptic connections in the rat INL (Pinzon-
Duarte et al., 2004), increased dopaminergic amacrine cell
varicocities (Cellerino et al., 1998), axonal growth (Avwena-
gha et al., 2003), and arborization of ganglion cells (Lom and
Cohen-Cory, 1999). Analysis of BDNF actions using TrkB
and BDNF gene targeted mice has been hindered by their
early postnatal lethality before retinal development is
complete. Although TrkB deficient retinae have unimpaired
ganglion cell survival (Rohrer et al., 2001) and intact
glutamate-mediated rod bipolar cell signaling (Rohrer et al.,
2004), they also have defects in the photoreceptor (scotopic)
signaling pathway (Rohrer et al., 1999) and delayed
formation of photoreceptor outer segments (Rohrer and
Ogilvie, 2003).
To more precisely define the role of TrkB in early retinal
development, we altered TrkB activation by delivering
replication-deficient recombinant retrovirus encoding the
trunc TrkB receptor or BDNF to the developing retina in ovo.
Using clonal analysis, these in vivo studies have allowed us to
assess the effects of altered TrkB signaling on retinal cell
proliferation, cell fate decisions, migration and survival.5′-ACCCATCCAGTGGGATCTTA-3′
(reverse)
Truncated TrkB
(Complete
cDNA)
5′-AGTGAGCGGGCGGCATGGTG-3′
(forward)
1500
5′-CATTTACCCATCCAGTGGGATCTTATG-3′
(reverse)
TrkB (extracellular), TrkB (kinase) and TrkB (trunc) primers were utilized in
analysis of chick eye and retinal RNA RT-PCR analysis. Trunc TrkB complete
cDNA sequence was utilized to PCR the complete sequence of chick trunc TrkB.
The number of base pairs (bp) of each PCR product is given after each sequence.Materials and methods
Tissue preparation and TrkB immunohistochemical staining
Fertilized eggs fromWhite Leghorn chickens (Truslow Farms, Chestertown,
MD) were incubated as described (Das et al., 1997). Eyes from embryos
harvested at E6 and E15 were cryoprotected, cryosectioned (10 μm) then
immunolabeled with an anti-mouse TrkB extracellular domain antibody (H-181,1:50) (Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit anti-chick TrkB
extracellular domain (1:50) (a generous gift of Louis Reichardt, von Bartheld et
al., 1996), or a rabbit antibody specific for the cytoplasmic domain of trunc TrkB
(sc-119, Santa Cruz Biotechnology, Santa Cruz, Ca). Immunoreactivity was
visualized by the biotin–avidin immunoperoxidase method (Vectastain Elite
ABC Kit, Vector Laboratories, Burlingame, CA) using the VIP substrate (Vector
Laboratories).
RT-PCR of full length and truncated TrkB
Trizol RNA isolation from E5 and E6 eyes, and E9, E12, E15 and E18
retinae was performed as per the manufacturer's protocol (Gibco BRL,
Carlsbad, CA). cDNA was obtained by reverse-transcription using random
hexamers according to the protocol of the GeneAmp RNA PCR kit (Perkin-
Elmer, Norwalk, CT). Relative RT-PCR was performed using 18S rRNA as an
invariant internal standard according to the commercial protocol (Ambion Inc.,
Austin, TX). Primer sequences for the RT-PCR protocol are listed in Table 1 and
their position on full-length and truncated TrkB are diagramed in Fig. 2B. The
complete cDNA of chicken truncated TrkB was reverse-transcribed from E18
chick brain RNA.
Generation of recombinant replication-deficient retrovirus
The coding region of chick truncated TrkB beginning at − 14 bp of the 5′
UTR and including 3 bp of the 3′UTR (GenEmbl Accession number X77252)
was subcloned into the SmaI site of the pCXIZ replication-deficient retroviral
vector that encodes the lacZ gene (Mikawa, 1995). This viral construct
expresses a dicistronic message under the transcriptional control of the viral
LTR and uses an internal ribosomal entry site (IRES) sequence to direct the
translation of β-galactosidase (β-gal). After cotransfection with the viral DNA
and pMEXneo plasmid into the D17.2G packaging cell line (Mikawa et al.,
1991), stable clones yielding infective titers of >107 virus/ml were isolated by
repetitive subcloning and propagated as previously described (Mikawa et al.,
1991). Retroviral cell lines infected with recombinant retrovirus encoding the
full-length cDNA of chick BDNF were repetitively subcloned and yielded a
titer of >105 virus/ml. For in ovo injections, virus was harvested from nearly
confluent monolayers and concentrated by ultracentrifugation. The retrovirus
produced by these clones was confirmed to be replication-deficient by
methods described by Mikawa et al. (1991). Control virus (CXL) encoding β-
galactosidase was used as a control (Mikawa et al., 1991).
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Fertilized eggs were incubated to E2.5-3 (stage 13–16) (Hamburger, 1992),
and a small hole was created at the top of the egg and in the vitelline membrane
overlying the eye. Using a glass micropipette mounted in a micromanipulator,
10–20 nl of concentrated virus was delivered into the subretinal space by
pressure injection (Picospritzer II; General Valve Corporation, Fairfield, NJ).
The eggshell was then sealed with parafilm and incubated for 4–16 days as
indicated above. The Institutional Animal Care Committee of Weill Medical
College approved all procedures.
Processing of embryos
Injected embryos were harvested (E7, E9, E10, E12, E14, E15 and E19) and
the injected eye excised. The eyecup was fixed in 2% PFA then treated with the
chromogenic substrate 5-bromo-4-chloro-3-indolyl-β-D-galactosidase (X-gal)
to detect β-gal-expressing cells. The position of clones in whole-mount
preparations of E9 and E15 retina were recorded relative to the tip of the optic
nerve head using a micrometer grid. Clones within the central retina were
identified at E15 as a 4 mm2 area and at E9 as a 2.25 mm2 area, extending
inferiorly from the tip of the optic nerve head to a point 4 mm (E15 retina) or
3 mm (E9 retina) superiorly, and 2 mm (E15) or 1.5 mm (E9) to the nasal and
temporal side of the optic nerve head. Tissues were embedded in paraffin and
serially sectioned (10 μm).
Immunofluorescence detection of truncated TrkB and β-galactosidase
Embryos injected at E2.5 were harvested at E7, and eyes were
cryoprotected and sectioned at 10 μm. Sections were double-labeled using
polyclonal antisera specific for C-terminal amino acids of trunc TrkB but not in
full length TrkB (1:50, sc-119, Santa Cruz Biotechnology) and a monoclonal
antibody against β-galactosidase (1:500; Sigma, St. Louis, MO). After
washing, sections were incubated in FITC-conjugated goat anti-rabbit IgG
(1:400; Jackson Immunoresearch Laboratories, West Grove, PA) and
biotinylated horse anti-mouse IgG (1:400; Vector Laboratories) followed by
incubation in rhodamine avidin DCS (1:500, Vector Laboratories). Sections
were mounted in Vectashield (Vector Laboratories) and examined using a
Nikon epifluorescence microscope.
TUNEL labeling of apoptotic nuclei in infected retina
To assess the role of TrkB in retinal cell death, embryos were injected with
low titer (105–106 virion/ml) CXL or truncated TrkB virus to produce
individual retinal clones, which were assessed for apoptotic cell death at E10
and E12. The number of TUNEL-positive cells per clone was counted along
with the number of TUNEL-positive cells in an adjacent uninfected region of
exactly the same shape and size, and the fold change in apoptotic nuclei
calculated (E10 trunc TrkB, n=31 clones; E10 CXL, n=46 clones; E12 trunc
TrkB, n=54 clones; E12 CXL, n=34 clones). To assess the role of TrkB in
photoreceptor cell death, embryos were injected with high titer (107–108
virion/ml) CXL or trunc TrkB virus to produce large areas of infected retina
and assessed for apoptotic cell death at E10, E12 and E14. All embryos were
processed and embedded in paraffin and sectioned (10 μm) and then processed
for TUNEL using the In Situ Cell Detection Kit, Fluorescein (Roche,
Indianapolis, IN) as per manufacturer's instructions. Sections were then
mounted in Vectashield (Vector Laboratories) and examined using a Nikon
epifluorescence microscope.
TUNEL labeling of apoptotic nuclei in uninfected retina
To study the pattern of retinal cell death during chick embryonic
development, retina were obtained and processed from E9, E10, E11, E12,
E13, E14, and E15 chicks. All embryos were processed and embedded in
paraffin and sectioned (10 μm) and then processed for TUNEL using the In Situ
Cell Detection Kit, Fluorescein (Roche, Indianapolis, IN) as per manufacturer's
instructions. Sections were then mounted in Vectashield (Vector Laboratories)
and examined using a Nikon epifluorescence microscope.Immunohistochemical identification of retinal cell types within
infected retinae
E2.5 embryos were infected with high titer (107–108 virion/ml) trunc TrkB
or CXL virus and harvested at E15 or E19. Infected eyes were removed and
processed for β-galactosidase expression as above then cryoprotected and
sectioned (10 μm). Sections were incubated in primary antibody and
immunoreactivity detected by the biotin–avidin immunoperoxidase method
(Vectastain Elite ABC Kit) using a VIP substrate (Vector Laboratories). Primary
antisera used were Islet 1/2 antisera (ganglion cells) (1:200) (gift of E. Kandell,
Columbia University), anti-cone transducin-γ antisera (1:1000) (gift of Tom
Sakmar, Rockefeller University), anti-PKCα antisera (bipolar cells) (1:1000)
(Accurate Chemicals, Westbury, NY) and anti-glutamine synthase monoclonal
antibody (Muller glia) (1:1000) (Chemicon, Temecula, CA).
Clonal analysis
X-gal-stained sections of retrovirally-infected retina were analyzed using a
computer-assisted three-dimensional reconstruction system (Neurolucida,
Microbrightfield Inc., Colchester, VT). Microscopic and computer graphics
images were superimposed through the oculars of the microscope using a
drawing tube attached miniature monitor (Lucivid, Microbrightfield Inc.).
Multiple computer-generated markers and rulers made it possible to label cells in
different layers and take measurements within the microscopic image. Before
analysis, clones from each type of injection (trunc TrkB, BDNF and CXL) were
regionally matched to avoid potential confounding differences arising from the
temporal/spatial nature of retinal development. 1 mm2 regions directly dorsal to
the optic nerve were chosen as the regional matching areas. Retinal clone size
was determined at E15 by counting β-galactosidase-positive cells in single
clones on serial sections using a 100× objective. While ganglion cells and
photoreceptors can be quantified by their position, quantification of exact cell
types (other than Muller glia) in the inner nuclear layer could not be performed.
Therefore, using Neurolucida, the inner nuclear layer was divided into three
equal regions and quantified as Zone 1 (the innermost third of the INL), Zone 2
(the middle third) and Zone 3 (the outermost third) (this optical division of retina
can be visualized in Fig. 6A). For each clone, the total number of cells were
counted, as well as the number of cells in each layer of the clone (described
above). Based on the total number of cells in the clone, the number of cells in
each layer was then calculated as a percentage of the whole.
Analysis of retinal clone size at E9, utilizing volumes of Xgal reactivity was
performed as previously described (Das et al., 2000).
Results
Expression of TrkB isoforms during chick retinal development
To identify potential actions of TrkB signaling on retinal
development, the expression of TrkB isoforms was examined
by immunolocalization in E6 retina using antibodies specific for
either the extracellular domain or the kinase domain of full-
length TrkB. Immunolabel specific for both the kinase domain
(data not shown) and the extracellular domain of TrkB was
detected across the entire width of the E6 neuroblastic zone
where proliferating progenitor cells reside, as well as in the
presumptive ganglion cells on the inner margin of the
neuroblastic layer (Figs. 1A, C). Controls in which rabbit IgG
replaced the primary antibody or where the primary antibody
was pre-adsorbed with immunizing peptide demonstrated no
immunolabeling (Figs. 1B, D). As a control, E15 retina was also
assessed for TrkB expression. As previously described (Das et
al., 1997) ganglion cells and cells within the inner portion of the
inner nuclear layer were immunolabeled (Figs. 1G, I).
Antibodies specific for the truncated isoform of TrkB detected
Fig. 2. TrkB mRNA expression in embryonic chick retina. (A) In semi-
quantitative RT-PCR analysis total RNAwas isolated from E5 and E6 chick eye,
or from E9, E12, E15 and E18 chick retinae. Full-length (FL) and truncated
TrkB sequences were detected by RT-PCR analysis utilizing primers against
sequences in the extracellular domain (top panel), the kinase domain (middle
panel) and the c-terminus of the truncated receptor (bottom panel). 18S RNA
was utilized as an internal standard against which FL/truncated TrkB signals
were compared and ratios calculated. (B) Schematic diagram of full-length TrkB
and truncated TrkB, demonstrating the positions of the three primer pairs, (1)
TrkB extracellular domain, (2) TrkB kinase domain, and (3) Truncated TrkB c-
terminal domain. EC=extracellular domain, TM=transmembrane domain,
Kin=kinase domain.
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and in ganglion cells and cells in the inner nuclear layer at E15
(Fig. 1K).
Expression of truncated and full-length TrkB was confirmed
by semi-quantitative RT-PCR utilizing 18S ribosomal RNA as
an internal PCR control. Using primers (Table 1, and Fig. 2B)
against the TrkB extracellular domain (detecting both full-
length and trunc TrkB), the TrkB kinase domain (detecting only
full-length TrkB) and the trunc TrkB C-terminal domain
(detecting only truncated TrkB) both full-length and truncated
TrkB (Fig. 2A) are expressed as early as E5 and both TrkB
isoforms are present throughout retinal development. Although
detected at low levels at E5, the kinase active isoform of TrkB
increased with developmental age. The peak of expression of
trunc TrkB mRNA at E5 and the increase of kinase active TrkB
at later developmental stages (E12–E18) are consistent with the
Northern analysis of TrkB isoforms in chick retinae and optic
tectum by Garner et al. (1996).
Generation of a stable BDNF and trunc TrkB
viral-producing cell lines
To assess the role of TrkB signaling during chick retinal
development in ovo, replication-defective retroviruses were
generated to augment or inhibit TrkB signaling, utilizing chick
BDNF or chick trunc TrkB respectively. Each retrovirus also
expresses lacZ as a marker gene to detect infected cells and their
progeny. Transfection of these viral vectors into a packaging
cell line resulted in stable cell lines from which virus was
propagated at high titer. Expression of trunc TrkB was
confirmed by Western blot analysis of lysates from truncFig. 1. TrkB expression in embryonic chick retina. In immunohistochemical
analysis, antisera specific for extracellular domain of chick TrkB (A, G), specific
for the extracellular domain of murine TrkB (C, I), or specific for trunc TrkB
(E, K) were used to label E6 (A–F) and E15 (G–L) unfixed frozen retinal
sections. In E6 sections, the antisera labeled presumptive ganglion cells and
diffusely labeled cells in the neuroblastic zone. In E15 sections, the antisera
labeled cells in the ganglion cell layer and presumptive amacrine cells in the
inner nuclear layer (G). IgG was utilized as a negative control (B, D, F, H, J, L).
GCL=ganglion cell layer, INL=inner nuclear layer, PRL=photoreceptor layer,
RPE=retinal pigment epithelium, NBZ=neuroblastic zone, Bar=20 mm.TrkB viral cell line which demonstrated a 95 kDa band
corresponding to the predicted molecular weight of trunc TrkB
(Fig. 3A, lane 2), and was absent in blots of lysates from the
viral cell line expressing the parental retroviral vector CXL (Fig.
3A, lane 1). Western blot analysis of conditioned media from
the BDNF viral cell line (Fig. 3B, lane 2) detected a 14 kDa
band corresponding to the molecular weight of recombinant
human BDNF as well as higher molecular weight immunore-
active proteins corresponding to BDNF proforms that had been
incompletely processed to mature BDNF in this cell line.
Conditioned media from the CXL viral cell line (Fig. 3B, lane 1)
contained no BDNF immunoreactive proteins. Reconstituted
lyophilized human BDNF (Fig. 3B, lane 3) was used as a
positive control. BDNF secreted into the conditioned media of
the BDNF packaging cell line was quantitated by a BDNF-
specific ELISA (519 pg/ml, 0.02 nM) and its biological activity
was confirmed by induction of neuritogenesis using PC12 cells
stably expressing TrkB. Neurite outgrowth was detectable using
media containing 0.1 nM of recombinant BDNF (data not
shown) whereas conditioned media from the CXL viral cell line
failed to induce neurites (data not shown) and contained less
than 5 picograms/ml BDNF by ELISA.
Retrovirally transduced coexpression of trunc TrkB and
β-galactosidase
Prior studies have demonstrated that the trunc TrkB
receptor can inhibit BDNF signaling when co-expressed with
Fig. 3. Trunc TrkB and BDNF expression by retroviral packaging cells, and coexpression of β-galactosidase and Trunc TrkB protein in Trunc TrkB-infected retina
clones. (A) Western blot analysis as performed using whole cell lysates from trunc TrkB and CXL cell lines, using antisera against trunc TrkB protein. A 95 kDa band
consistent with predicted molecular mass was detected in lysates from trunc TrkB expressing cells (lane 2) but not CXL cell line lysates (lane 1). (B) Western blot
analysis as performed using whole cell lysates and conditioned media from CXL and BDNF packaging cells. Conditioned media from the BDNF viral cell lines
(lane 2) and human BDNF control (lane 3) detected a 14 kDa protein band consistent with predicted molecular mass of BDNF. Conditioned media from the CXL cell
line demonstrated no such band (lane 1). (C–E) To confirm that virally infected cells coexpressed both β-galactosidase and trunc TrkB protein, double
immunofluorescent labeling was performed on E7 unfixed frozen sections of truncated TrkB-infected chick retina. Cells labeled with anti-β-galactosidase antisera
were detected using rhodamine-conjugated secondary antibodies, (C) while cells labeled with anti-trunc TrkB antisera were detected using FITC-conjugated secondary
antibodies (D). Images were merged (E) to confirm coexpression of both proteins in the same cells (white arrow). Scale bar=20 μm.
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effects of impaired TrkB signaling on retinal development, in
ovo injections of 1–10 viral particles from the trunc TrkB
packaging clones into the subretinal space of E2.5 chick
embryos. After retroviral infection and integration into the host
genome, the transgenes encoding trunc TrkB and the reporter
gene β-galactosidase are transcribed as a dicistronic message
separated by an IRES sequence. Since expression of β-
galactosidase, translated in a 5′ cap independent manner via
the IRES element, serves as a marker for the trunc TrkB
expression by virally infected cells, double immunofluores-
cence labeling of the cells was performed to assess the
coordinate expression of trunc TrkB and β-galactosidase.
Sections of E7 chick retinae, obtained after infection at E2.5
with trunc TrkB/β-galactosidase-encoding virus, demonstrated
that trunc TrkB labeling (Fig. 3D) coincides with staining of
the reporter gene β-galactosidase (Fig. 3C). Immunodetection
of trunc TrkB expression was most prominent in cells
expressing β-galactosidase, documenting overexpression of
retrovirally transduced trunc TrkB relative to endogenous trunc
TrkB expression at this developmental stage.
Over-expression of trunc TrkB reduces clone size
To assess the effect of modulation of TrkB signaling on
retinal clone size, chick embryos were injected subretinally at
E2.5 with retrovirus expressing either truncTrkB+ lacZ,
BDNF+lacZ or lacZ alone (CXL). Virus was injected at
low titer (105–106 virion/ml) to ensure spatial separation of
infected clones.Clonal size and morphology were examined at E15 when the
lamination of the retina is essentially complete. Sections of E15
retina infected with the control CXL virus exhibited radial
columns of β-galactosidase expressing cells across the entire
width of the retina, encompassing all retinal cell types (Fig. 4A).
In contrast, sections of trunc TrkB infected retina frequently
demonstrated narrower radial columns, often lacking photore-
ceptor cells (Figs. 4C and D). Sections of retina infected with
BDNF-expressing virus often demonstrated radial columns
similar to CXL-infected retina, but often with a greater number
of photoreceptors (Fig. 4B). Analysis of regionally matched
trunc TrkB-infected (n=12) and CXL-infected (n=12) clones
demonstrated a significant decrease in cell number in trunc TrkB
expressing clones (61%, p=0.031; unpaired two-tailed t test,
Fig. 4E). Regionally matched BDNF clones (n=12) demon-
strated no significant difference in total cell number compared to
CXL-infected control clones (n=10), although a trend towards a
greater number of cells/clone was observed (Fig. 4F).
To determine whether the decrease in clonal size of trunc
TrkB expressing clones resulted from impaired mitogenesis of
retinal progenitor cells, we measured clonal size at embryonic
stage E9 when progenitor proliferation is essentially complete.
We posited that if the dominant effect of TrkB signaling is to
promote proliferation, that the clone size could be increased in
BDNF-expressing or decreased in Trunc TrkB expressing
clones. At E9, retinal clones consist of densely packed
progenitor cells and migrating differentiated cells and thus the
exact number of cells per clone is difficult to quantitate.
However, prior studies (Das et al., 2000) have documented that
analyses of clonal volume accurately reflects cell numbers. At
Fig. 5. Analysis of E9 Position-Matched Retinal Clones. At E9, CXL-, BDNF-
and trunc TrkB-infected clones had average volumes of 2.5×105 μm3 (n=12),
1.9×105 μm3 (n=10) and 1.8×105 μm3 (n=11), respectively, with no
significant difference between the volumes of CXL- and BDNF-infected clones
(p=0.231; Student's unpaired t-test) or between the volumes of CXL- and trunc
TrkB-infected clones (p=0.238; Student's unpaired t test). Scale bars represent
SEM.
Fig. 4. E15 Retinal Clones and Number of Cells Per E15 Clone. (A–D)
Retrovirally infected clones were detected by staining paraformaldehyde-fixed
E15 retinae with X-gal. In paraffin sections of the infected retinae, control CXL
clones (A) were observed to extend across the entire thickness of the retina, from
the ganglion cell layer to the photoreceptor layer. BDNF-infected clones (B)
extended across the entire retina like CXL clones, and sometimes had more cells
in the photoreceptor layer. Most trunc TrkB-infected clones (C and D) also
extended across the entire thickness of the retina, however clones often appeared
to have fewer cell numbers and lacked cells in the photoreceptor layer. (E) At
E15, the average clonal cell number of trunc TrkB-infected E15 clones (n=12)
was significantly decreased by 61% compared to CXL-infected clones (n=14)
(***p=0.031; Student's unpaired t test). (F) At E15, the average clonal cell
number of BDNF-infected clones (n=12) was not significantly different
compared to CXL-infected clones (n=10) (p=0.166; Student's unpaired t-test).
GCL=ganglion cell layer, IPL=inner plexiform layer, INL=inner nuclear layer,
PRL=photoreceptor layer, Scale bar=20 mm.
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between control-, trunc TrkB-, or BDNF-infected clones from
analysis of regionally matched BDNF (n=12) and CXL (n=10)
clones, or regionally matched trunc TrkB (n=11) and CXL
(n=10) clones (Fig. 5). These results suggest that although
BDNF and TrkB are expressed by many progenitor cells
between the developmental ages of E3.5 to E9, BDNF-mediated
TrkB activation does not significantly augment clonal size.
To determine whether the decreased clone size of trunc TrkB
expressing clones at E15 results from increased apoptosis,
TUNEL analysis was performed on E10 and E12 retinae
infected with CXL or trunc TrkB virus. In E10 trunc TrkB-
infected retinae the clone:adjacent-region ratio of TUNEL-
positive nuclei is 2.8:1 (n=31; p=0.0002; Student's unpaired
t test). In E10 CXL-infected retinae the clone:adjacent-region
ratio of TUNEL-positive nuclei is 1.0:1 (n=46; p=0.83;
Student's unpaired t test). In E12 trunc TrkB-infected retinae
the clone:adjacent-region ratio of TUNEL-positive nuclei is
1.5:1 (n=54; p=0.062; Student's unpaired t test). In E12 CXL-
infected retinae the clone:adjacent-region ratio of TUNEL-
positive nuclei is 1.0:1 (n=34; p=0.83; Student's unpaired
t test). Therefore, the increased cell death in clones from trunc
TrkB-infected retinae demonstrate a role for TrkB signaling inmediating the survival of cells in the later stages of retinal
development (E9–E15).
Manipulation of TrkB signaling affects the clonal proportions
of photoreceptor cells and inner nuclear cells
To determine whether BDNF/TrkB signaling regulates the
differentiation of distinct cell types within the developing retina,
clones in E15 retinae were analyzed for cell type composition.
In control experiments, immunohistochemical labeling of cell-
type specific markers was performed to confirm the laminar
position of the retinal cell types. However, the inner nuclear
layer (INL) is comprised of four major cell types: amacrine
cells, bipolar cells, horizontal cells andMuller glia. Studies have
shown that amacrine cell bodies comprise approximately the
inner half of the INL (Hinds and Hinds, 1983; Fischer et al.,
1998) while bipolar cell bodies comprise approximately the
outer half (this study, data not shown; Fischer et al., 1998; Chen
and Cepko, 2000). Horizontal cell bodies line the outer margin
abutting the outer plexiform layer (Liu et al., 2000), while
Muller glia form a diffuse layer in the central region of the INL
(this study, data not shown; Prada et al., 1998; Dubois-Dauphin
et al., 2000; Wahlin et al., 2000). To quantify the number of cells
within the different regions of the INL, images were divided
into three equal regions: the inner most region (Zone 1), the
middle region (Zone 2) and the outermost region (Zone 3) (Fig.
6A). The number of cells in each region of retina including the
ganglion cell layer, Zone 1 (amacrine cells and displaced
ganglion cells), Zone 2 (amacrine cells and bipolar cells), Zone
3 (bipolar cells and horizontal cells), the Muller cell layer and
the photoreceptor layer were counted and calculated as a
percentage of total cell number per clone. These percentages
were compared to the cellular percentages determined in CXL-
infected clones (Figs. 6B–D).
Over-expression of trunc TrkB in retinal clones resulted in a
significant reduction in photoreceptor cells (41%; p=0.016 Fig.
6B) and a significant increase in the cells in Zone 2 (23%;
p=0.008 Fig. 6C). Conversely, over-expression of BDNF in
retinal clones resulted in a significant increase in photoreceptor
cells (25%; p=0.008 Fig. 6B) and a significant reduction in cell
number in Zone 2 (17%; p=0.005 Fig. 6C). Percentages of
Fig. 6. Retinal Clone Schematic and Percentage of Cell Types Per E15 Clone. (A) Retina schema demonstrating the cells in the different retinal layers. Ganglion cells
(GCL) are black, Amacine (Am) are yellow, bipolar cells (BP) are red, photoreceptors (PRL) are grey, and retinal pigment epithelium (RPE) are brown. The column of
blue cells represent a CXL-infected clone across the entire extent of the retina. (B) The average number of photoreceptors per trunc TrkB-infected clone (n=9) was
significantly decreased by 41% compared to CXL-infected clones (n=11) (**p=0.016; Student's unpaired t test) while the average number of photoreceptors per
BDNF-infected clone (n=12) was significantly increased by 25% compared to CXL-infected clones (n=11) (*p=0.008; Student's unpaired t test). (C) The average
number of Zone-2 cells per trunc TrkB-infected clone (n=9) was significantly increased by 23% compared to CXL-infected clones (n=11) (**p=0.016; Student's
unpaired t test) while the average number of photoreceptors per BDNF-infected clone (n=12) was significantly decreased by 17% compared to CXL-infected clones
(n=11) (*p=0.005; Student's unpaired t-test). (D) The average number of ganglion cells per trunc TrkB-infected clone (n=9) was decreased by 54% compared to
CXL-infected clones (n=11) but this value was not statistically significant (p=0.089; Student's unpaired t-test). The average number of ganglion cells per BDNF-
infected clone (n=12) was decreased by 14% compared to CXL-infected clones (n=11) and was not statistically different (p=0.557; Student's unpaired t-test). Scale
bars indicate SEM.
461B.A. Turner et al. / Developmental Biology 299 (2006) 455–465other regions of the retina including the ganglion cell layer (Fig.
6D), Zone 1, Zone 3 and Muller glia (data not shown) were not
significantly affected by trunc TrkB or BDNF over-expression.
BDNF/TrkB signaling regulates cell fate decisions of cone
photoreceptor progenitors and amacrine cell progenitors
The reduction in photoreceptor numbers in trunc TrkB-
infected clones may reflect: (i) a change in cell fate of the retinal
progenitor cells producing photoreceptors, (ii) increased cell
death in the photoreceptor layer or (iii) altered migration of
differentiated photoreceptors to the improper cell layer. To
distinguish among these possibilities, photoreceptor cell death
and migration were assessed. TUNEL analysis was performed
on retinae infected at high titer (107–108 virion/ml) with trunc
TrkB or CXL viruses. At E10, E12 and E14, less than 1%
TUNEL positive cells were detected in the photoreceptor layer
of CXL (Figs. 7A and B) or trunc TrkB (Figs. 7C and D)
infected retinae. We also assessed the levels of apoptotic cell
death in the photoreceptor layer of uninfected retinae from
different developmental time points (Fig. 7E). At no time point
tested were any apoptotic cells detected in the photoreceptor
layer. This finding is consistent with prior studies (Cook et al.,
1998) demonstrating that apoptotic or pyknotic cells rarely
appear in the photoreceptor layer at any time in chick
development and further suggests that trunc TrkB over-
expression in retinal clones does not induce cell death in the
photoreceptor cell layer.To assess whether impaired TrkB signaling in retinal clones
affects the migration of differentiated retinal neurons, immu-
nolocalization of retinal cell types was performed using
established cell markers using anti-cone transducin-γ immuno-
reactivity to detect cone photoreceptors (Supplemental figure).
No misplaced cone photoreceptors were detected in the inner
nuclear layer of trunc TrkB expressing clones. In addition,
markers for bipolar cells (anti-Protein Kinase Cα), Muller glia
(anti-glutamine synthase), and ganglion cells (Islet 1/2 antisera)
confirmed that these cells types were also in the correct retinal
layer (data not shown).
As TrkB signaling does not affect the survival or migration
of photoreceptors, the decrease in photoreceptor numbers
observed in trunc TrkB-expressing clones (Fig. 6B) is likely
to reflect a respecification of the cell fate of photoreceptor
progenitor cells. This interpretation is bolstered by the
observation that the number of Zone-2 cells, likely amacrine
cells, is reciprocally increased in trunc TrkB expressing clones.
Importantly, BDNF over-expression results in an increased
percentage of photoreceptor cells, and a reciprocal decrease in
Zone-2 cells. Due to limitations in clonal analysis it is not
possible to directly determine whether we are observing
respecification of cone or rod progenitors. However, several
lines of evidence suggest that the cone photoreceptors are
affected by our manipulations. First, the chick retina is cone
photoreceptor-rich (Bruhn and Cepko, 1996) and our analyses
are limited to the central retina where rod photoreceptors are
rare or absent (Bruhn and Cepko, 1996). If inhibition of TrkB
Fig. 7. TUNEL analysis of apoptotic cell death in chick retina. Apoptosis in photoreceptor layer of E14 retinae infected with high titer CXL or truncated TrkB virus.
Retinae demonstrating high levels of infection in the photoreceptor layer (blue stain, A, C) were analyzed for TUNEL-positive nuclei (B, D) in the photoreceptor layer
(PRL). 24 sections from each of three E12 retinae (A–D), 24 sections from each of three E10 retinae and 24 sections from each of two E14 retinae were examined for
TUNEL-positive nuclei in the photoreceptor layer. No TUNEL-positive nuclei were detected in the photoreceptor layers of any sections from either CXL-infected
(A, B) or truncated TrkB-infected retinae (C, D). TUNEL Analysis of Apoptotic Cell Death in Different Ages of Chick Retina (E9–E15) (E). Uninfected embryonic
chick retina of different ages was analyzed for apoptotic nuclei utilizing TUNEL analysis. GCL=ganglion cell layer, IPL=inner plexiform layer, INL=inner nuclear
layer, PRL=photoreceptor layer, Bar, panel A=3 mm, panel E bar=20 mm.
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numerically dominant cone photoreceptors would still be
present in the clone, limiting any apparent photoreceptor loss.
Since some of the observed trunc TrkB-infected clones totally
lacked photoreceptors, the observed changes are most likely due
to loss of cone photoreceptors.
Our studies also demonstrate that the differentiation of
cells in the middle third of INL (Zone 2, composed of bipolar
cells, amacrine cells and Muller glia) is affected by BDNF/
TrkB signaling (Fig. 6C). These changes in percentages of
cells in Zone 2 most likely reflect differences in bipolar or
amacrine cells as Muller cells can be identified by their
distinct morphology. In the rodent retina, rod photoreceptors
can be respecified to bipolar cells (Ezzeddine et al., 1997;
Belliveau et al., 2000) and amacrine cells can be respecified
to cone photoreceptors (Belliveau and Cepko, 1999). If
progenitor cell fate is similarly restricted in the chick to
amacrine cells or cone photoreceptors, changes we observe in
Zone 2 cells are most likely differences in amacrine cells
numbers.
Discussion
BDNF activation of TrkB signaling regulates cone
photoreceptor progenitor fate
Utilizing clonal analysis and retroviral gene delivery to
inhibit and augment TrkB/BDNF signaling, our studies reveal a
new role of this ligand–receptor system in regulating the fate of
photoreceptor progenitor cells. This conclusion is supported by
expression studies in which both BDNF and TrkB are expressed
in progenitor cells or early post-mitotic neuroblasts between E3
and E8 (Prada et al., 1991, Belecky-Adams et al., 1997) when
such cell fate decisions are occurring.Our data document a decrease in the number of photo-
receptors in chick retinae infected with retrovirus expressing
trunc TrkB and an increase in photoreceptors upon over-
expression of BDNF. These reciprocal effects suggest that a
major mechanism by which trunc TrkB is mediating these
effects is by inhibiting TrkB kinase activation, through binding
and sequestering locally secreted BDNF, although other more
minor effects cannot be excluded. We posit that the photore-
ceptor cells affected by this manipulation are most likely cone
photoreceptors since chicks are cone dominant (Bruhn and
Cepko, 1996) and because rod photoreceptor progenitors in
dissociated chick retinae respond to CNTF but not BDNF
(Fuhrmann et al., 1995). Additionally, TrkB gene targeted mice
exhibit normal rod photoreceptor migration and differentiation
(Rohrer et al., 1999) although outer segment development is
retarded (Rohrer and Ogilvie, 2003).
We postulate that the inner nuclear layer cells affected by our
manipulations are most likely amacrine cells as opposed to
bipolar cells. In support of this, E16 rodent amacrine cell
progenitors can be respecified to cone photoreceptors by factor
(s) secreted by P0 amacrine cells (Belliveau and Cepko, 1999).
Since amacrine cells are born earlier than cone photoreceptors
(Prada et al., 1991), they could secrete a factor that limits further
amacrine cell production and forces amacrine progenitors to
respecify to a cone photoreceptor fate. Our results suggest that
BDNF is likely to be this unknown factor. Thus, the over-
expression of trunc TrkB in retinal progenitor cells would inhibit
the BDNF negative feedback loop and increase the numbers of
amacrine cells produced at the expense of cone photoreceptors.
In BDNF over-expressing clones, excess BDNF enhances the
negative feedback loop, limiting the numbers of amacrine cells
and forcing progenitors to produce excess cone photoreceptors.
Delivery of BDNF protein into chick embryos has
documented the survival-promoting activities of BDNF in the
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photoreceptor layer or the inner region of the INL where
amacrine cells reside were not commented upon. Differences in
technique may explain these contrasting results. Clonal analysis
can detect changes in cellular layers since the small numbers of
cells per clone make quantification of individual retinal layers
easy. In contrast, systemic application of BDNF to the embryo
(Frade et al., 1997) best detects changes across the entire retina,
and supports our conclusion that BDNF promotes retinal cell
survival in later stages of retinal development (E9–E15).
It is interesting to note that a subset of differentiated
amacrine cells express both BDNF and TrkB during late retinal
development (Fig. 1; Cellerino and Kohler, 1997; Cellerino et
al., 1998; Das et al., 1997). Our results suggest that that
amacrine cells may secrete BDNF to regulate further amacrine
cell production and that down-regulation of TrkB signaling does
not impair amacrine cell survival. The continued expression of
TrkB/BDNF by amacrine cells at later developmental stages
may reflect actions of BDNF to promote dendritic/axonal
arborization of amacrine cells (Cellerino et al., 1998) and to
regulate of amacrine cell neuropeptide expression (Cellerino
et al., 2003).
BDNF has well-characterized differentiative actions in the
central nervous system, by promoting the differentiation of
hippocampal progenitor cells into excitatory and inhibitory
neurons (Vicario-Abejon et al., 2000) and subventricular striatal
cells into neuronal and astroglial cells (Benoit et al., 2001). Our
results suggest that in addition to promoting cone photoreceptor
differentiation, BDNF influences cell fate by reducing the
proportion of progenitors that adopt an amacrine cell fate.
Whether the previously documented effects of BDNF on CNS
progenitor differentiation reflect similar activities on cell fate
regulation will require the use of systems in which such cell fate
decisions can be dissected.
BDNF mediated activation of TrkB signaling may affect the
survival of early retinal cells but is not a potent mitogen for
retinal progenitor cells
The similar expression patterns of TrkB and TrkC receptors
in the developing chick retina (Das et al., 1997) and their
activation of similar intracellular signaling pathways (Friedman
and Greene, 1999; Segal, 2003) predict that NT-3 and BDNF
would promote comparable developmental actions. Our prior
studies identified NT-3 as a potent physiological mitogen in the
early chick retina that establishes the size of the progenitor pool
and we postulated that enhanced BDNF signaling might exhibit
comparable mitogenic effects on retinal progenitor cells.
Unexpectedly, manipulation of TrkB signaling, by over
expressing BDNF or trunc TrkB had no effect on retinal
progenitor cell proliferation as assessed by clonal volume
analysis at the end of the proliferative period (E9). These results
suggest that progenitor cells distinguish signals from different
Trk receptors. This may be due to the expression of Trk
isoforms with inserts in the cytoplasmic domain that activate
unique signaling pathways (Lamballe et al., 1993; Tsoulfas et
al., 1993; Valenzuela et al., 1993; Garner and Large, 1994; Penget al., 1995; Garner et al., 1996). The ability of NT-3 and BDNF
to mediate distinct actions in a single cell type is well
precedented, with altered basal and apical dendritic growth of
neurons in the ferret visual cortex elicited by NT-3 or BDNF
(McAllister et al., 1995).
Quantification of the total cell number in E15 trunc TrkB
retinal clones demonstrated a significant decrease in clone size.
The lack of effect of altered BDNF/TrkB signaling on clone size
at E9 when cell division is nearly complete, together with
enhanced apoptosis at E10 and E12 in clones expressing trunc
TrkB, strongly suggests that BDNF/TrkB signaling does not
regulate proliferation of retinal progenitors. The increase in
apoptotic cell death at E10 and E12 in trunc TrkB-infected
clones suggests that TrkB regulates survival of retinal neurons,
consistent with prior studies. (Frade et al., 1997; Cusato et al.,
2002).
Local over expression of BDNF or trunc TrkB in the retina
does not affect ganglion cell survival
In our studies, no significant change in the relative
proportions of retinal ganglion cells was observed at E15
when TrkB signaling was impaired or augmented, suggesting
that BDNF/TrkB signaling is not an essential survival signal for
these cells. This conclusion is consistent with observations in
TrkB gene targeted mice (Rohrer et al., 2001), but contrasts with
studies of dissociated retinal ganglion cell cultures where
BDNF is survival-promoting (Johnson et al., 1986; Rodriguez-
Tebar et al., 1989; Cohen-Cory and Fraser, 1994; Meyer-Franke
et al., 1995). BDNF may act at earlier stages in the chick (E6–9)
or rat (P0–P5) to establish retinal ganglion cell numbers (Frade
et al., 1997) and may promote survival of retinal ganglion cells
in adult injury models (Mey and Thanos, 1993; Mansour-
Robaey et al., 1994; Pease et al., 2000; Quigley et al., 2000;
Cheng et al., 2002). Thus, our current clonal analysis studies to
assess BDNF actions in the developing chick retina, together
with prior clonal analysis of NT-3 actions suggest that the two
neurotrophins exert critical, yet distinct actions in chick retinal
development. NT-3 acts in early retinal development to
establish clone size by actions on retinal progenitors, whereas
BDNF regulates commitment of retinal progenitor cells to a
photoreceptor cell fate, identifying a novel role for TrkB/BDNF
in mediating cell fate decisions.
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